Objective: The objective of the study was to evaluate the current state of clinical assays for estradiol in the context of their applications.
recognized by a position statement by The Endocrine Society (1) and a number of follow-up publications aimed at correcting the difficulties that were identified (2, 3) . In this communication, we address the current problems with the measurement of estrogens, primarily estradiol (E2).
Accuracy, specificity, reproducibility (precision), and standardization of the measurement of E2 are critical. Uniform reference ranges for all ages, both sexes, and the great variety of normal and pathological conditions that influence the concentration of E2 in plasma are needed for optimal medical decision-making. Endocrinologists, clinicians, and researchers alike are hardly alone in facing difficulties in obtaining the reliable data that greatly influence their ability to make informed decisions. A recent issue of Science devoted its cover and a special section to data replication and reproducibility (4) . Although the issues addressed therein are scientific only, replication and reproducibility in the clinical setting are of equal, if not greater, importance. If the physician changes the laboratory to which he/she sends samples, or if the patient goes to a different, more convenient lab, or if the laboratory discards an old instrument and starts using a new and different one, shouldn't the E2 level being measured on the same sample return the same result in each of these situations? Of equal importance is the need for subsequent samples to be traceable to the same standard as the initial one, no matter where or how the measurement is performed. More often than not, that is not the case.
In this communication, we review the current state of how E2 is measured in the clinical and research communities and outline the importance of knowing plasma E2 concentrations in individuals and populations in normal physiology and in pathophysiological states.
How Estradiol Is Measured

Overview
Significant technical issues are associated with all currently available methods for the measurement of estradiol. When considered across the entire spectrum of available technologies, these issues encompass all of the key characteristics of analytical methods: specificity, sensitivity, precision, and accuracy. These characteristics are inter-related; for example, method inaccuracy may be due to incorrect calibration and/or a lack of specificity ( Figure 1 ).
Methods for E2
Historically, methods for the measurement of E2 have followed the outline set out in Table 1 . Quantitative measurements have been obtained by bioassay, mass spec- . In this figure, a "rule-of-thumb" definition for the limit of quantitation (or minimal detectable dose [MDD] ) is used; ie, the lowest concentration that can be measured with a coefficient of variation (CV) of 20% (19) . It is useful to keep in mind that the 95% CI for a measure at this level is the mean Ϯ 2 SD of repeated measurements. In other words, if the limit of quantitation is 80 pg/mL, values between 48 and 112 pg/mL cannot be distinguished with 95% confidence. The LOQ is typically dependent, among other things, on the operational condition of the instrument and the quality of reagents used; it therefore often differs in routine clinical laboratories when compared to the conditions under which the assay is first characterized and evaluated. trometry (MS), UV absorbance, and immunoassay; only immunoassay and mass spectrometry methods have had the attributes necessary for clinical applications. To date, applying any of these measurement methods to complex biological specimens (eg, serum, plasma, tissue extracts) has required the isolation of steroids, both from other components of the specimen and from other steroids, using extraction and chromatography before the final measurement, eg, immunoassay, mass spectroscopy.
The original immunological method for quantifying E2 in clinical serum specimens was the RIA described by Abraham in 1969 (5, 6) . This method consisted of extraction of serum with an organic solvent followed by quantification by RIA (such an assay is often referred to as "conventional RIA" or "indirect RIA"). Over the years, new immunological methods were developed that measure E2 in serum without its prior isolation, eg, no extraction or chromatography. These so-called "direct RIA" assays profoundly increased throughput. It is important to note that whereas no extraction is involved, the accuracy of direct immunoassays relies on a buffer that ensures the release of albumin and SHBG-bound E2. The method evolved further when radioisotopes were replaced with other technologies capable of being associated with very small masses, such as chemiluminescent or enzymatic labeling (7), which in turn served as a basis for greater automation and throughput. Today, most methods used in patient care measure E2 directly, without prior isolation from serum, with enzyme-based immunoassays ("direct assays"). A 2011 College of American Pathologists survey on instruments for the automated immunoassay of E2 lists 28 different assay platforms from 8 different companies (8) .
Although a "gold standard" method for the measurement of E2, isotope dilution/gas chromatography (GC) coupled with mass spectrometry, was published about 25 years ago (9) , that method was too complex, and its throughput too low for routine clinical use. Recently, simpler analytical methods using liquid chromatography (LC) coupled with mass spectrometry, eg, HPLC coupled to tandem mass spectrometry (MS/MS), have been developed and are increasingly used for measuring E2 in patient samples. These new methods, unlike the original RIA method but like the original MS method, use extraction plus a chromatographic step to separate E2 from similar compounds in the serum sample before quantification by mass spectrometry (10, 11) . Mass spectrometry is increasingly used because it has the potential to provide greater specificity and sensitivity than immunological methods, which is especially important at the low E2 concentrations commonly observed in children, men, postmenopausal women, and women receiving aromatase inhibitors for the treatment of breast cancer. However, at this time limited information is available about the discrepancies among individual mass spectrometry-based assays. Although these technologies have a number of theoretical advantages over immunoassays, they too may show considerable variability, as has been shown for other analytes such as T (12, 13) . Furthermore, as is true for all methods, measurements based on mass spectrometry depend upon the accuracy of calibration, freedom from interference, and appropriateness of any analytical corrections ("recovery," for example). Thus, it is important to realize that it is not solely the method per se that determines validity and utility.
Measurement of E2 in the clinical setting poses a number of difficulties for analytical methods. The assays need to be sensitive, specific, accurate, and precise over a wide concentration range. They need to:
• Measure E2 at very low concentrations. To monitor patients with breast cancer treated with aromatase inhibitors (to suppress endogenous estradiol levels), methods need to be able to distinguish between suppressed levels of less than 1 pg/mL and pretreatment levels that are commonly 10 -15 pg/mL (7).
• Have a measurement precision that is sufficient to characterize a patient's status and identify her response to treatment. For women taking aromatase inhibitors, methods will likely need to be sufficiently precise to distinguish between levels of less than 1 and 5 pg/mL.
• Measure reliably over a wide concentration range. E2 levels in elderly men and women are often Ͻ 5 pg/mL, whereas E2 testing performed in support of in vitro fertilization programs, for monitoring ovulation induction and ovarian hyperstimulation, require measurements to be reliable at levels of approximately 3000 pg/mL (14) .
• Have a high specificity for E2. Not only is E2 converted to more than 100 conjugated and unconjugated metabolites (15) (16) (17) (18) (19) (20) , but also, patients may have circulating estrogens derived from exogenous sources, eg, conjugated equine estrogens, nutritional supplements, etc. Some of these compounds may cross-react with the antibody in the immunoassay or interfere with the HPLC/ MS/MS measurements. Some of these compounds, such as estrone sulfate, occur in such relatively high concentrations in the circulation that even small cross-reactivities can result in profoundly deranged results. Other factors that may interfere with measurements are hemolyzed and lipemic samples (7) and the failure to release all protein-bound E2 before the final analysis.
• Provide accurate results that are comparable among different laboratories so that the data can be pooled to formulate clinical guidelines and allow results from in-dividual patients to be compared with these guidelines. Similarly, accurate, reproducible data are essential for managing the patient whose testing is performed by several different laboratories using different methods.
Accurate, reproducible measurements across assays, time, and laboratories require the use of common reference materials A number of studies suggest that current routine clinical assays do not meet the needs set out above. Indeed, concerns about the analytical performance in the measurement of E2 among different assays and concentrations have been reported for over 20 years (21) (22) (23) .
The limit of quantitation of most direct immunoassays ranges from 30 to 100 pg/mL, which is insufficient for measurements in children, postmenopausal women, men, and women taking aromatase inhibitors (7) . Even mass spectrometry-based methods and indirect RIAs that have been recommended for such low concentrations may have difficulty with levels Ͻ 5 pg/mL (7, 24, 25) .
Concerns about the specificity of current E2 assays have been raised for many years (10, 11) . Findings from 1 study indicate that interfering compounds may cause E2 measured values to be 10 times higher than the true value (7). This study also suggests that the concentration of interfering substances in patient samples can vary greatly from patient to patient. For the same reasons, it was suggested that E2 plasma levels, using some direct immunoassays, measured in women taking aromatase inhibitors are most likely artifacts rather than true E2 values (25) . This is of particular importance because the failure or success of the treatment may wrongly be attributed to a serum E2 concentration that does not reflect the true effect of the aromatase inhibitor.
Another study, using data from 159 laboratories enrolled in the New York State Department of Health proficiency testing program, reported substantial interferences from conjugated estriol. These interferences resulted in high variability and inaccuracy in E2 measurements. A number of assays also had substantial interferences from unconjugated estriol, leading to positive and/or negative biases of up to 60%. The authors found inconsistencies in the use of manufacturer-recommended dilution protocols that would have minimized some of the observed variability (26) .
The precision of E2 measurement has been reported to be insufficient, especially at low concentrations. The performance of 7 automated assays over 14 months showed that the method-specific variability at low E2 concentration ranged from 7.5 to 28.4% coefficient of variation. The authors concluded that with most assays, very low E2 concentrations, as observed in postmenopausal women, can be determined only with a precision inadequate for clinical assessments (27) . Similarly, data from a UK external quality assessment program from 103 participants, using mainly commercial direct assays, showed high variability within laboratories using the same assay (28) . Another study comparing 8 different immunoassays to a GC/MS method found inconsistent assay precision and accuracy. Although some assays showed imprecision of less than 10% at E2 levels commonly observed in postmenopausal women and men (18 pg/mL), as well as levels observed during ovarian stimulation (200 -2000 pg/mL), others performed inadequately. Although some assays showed good agreement with the GC/MS method, others showed inaccuracy that might improve with additional method optimization and calibration standardization (29) .
In 2007, 140 laboratories measured E2 in serum samples as part of a Belgian external quality assessment scheme. They compared immunoassay results against a GC/MS-based method and found coefficients of variation ranging from 4 to 49% and bias (disagreement with GC/ MS) ranging from 26 to 239% for individual samples measured with the same assay. No single method had bias values of less than 10% for all samples. Although bias and imprecision increased with decreasing E2 concentration, other assays showed differences in performance that appeared independent of the sample E2 concentration. In fact, the highest bias of 239% was observed in a sample with a target concentration of 553 pg/mL, indicating interferences by other compounds (30) .
Some improvements in the performance of immunoassays have been made, as indicated in more recent comparison studies (29, 31) . These changes, however, are not sufficient to meet current needs in research and patient care. To overcome these problems and ensure better patient care, standardization of E2 measurements has been suggested (25, 29, (32) (33) (34) . Accurate results across methods are essential for the formulation of evidence-based practice guidelines and the management of patients receiving care at multiple locations, supported by different laboratories, using different methods.
The significance of how blood samples are processed and the nature of standards used in estradiol assays is not generally appreciated in the clinical community. Precise and accurate weighing of crystalline E2 is simple. When that material is dissolved in a liquid, whether it be plasma or a buffer, and then extracted (or measured directly) and measured by immunoassay or mass spectrometry, the results will depend on how the assay has been standardized and the conditions to which the sample has been subjected. A variety of influences including, but not limited to, the nature of the tube in which the specimen is drawn and obtained, the mode of extraction, the length of storage, etc, may influence the result. Standards for assay calibration are supplied in artificial media that hopefully behave like plasma, but may not. More studies are needed using fresh-frozen, unaltered sera to better assess the sources of measurement variability. Indeed, preanalytical issues and errors represent a significant source of inaccuracy (35) . The importance of the preceding issues cannot be overstated. Indeed, it is clear that we need a single standard for E2 to which all measurements can be traced, and that standard should be available, not in an artificial medium, but in serum or plasma or whatever specimen type is being measured, eg, urine, tissue extract, saliva, etc. Agreement with the standard will ensure that the myriad of technical difficulties has been overcome. The way to arrive at this standardization has been achieved for T and is described at the web site of the Centers for Disease Control and Prevention (http://www.cdc.gov/labstandards/ hs_standardization.html).
The salient features of difficulties and solutions to estradiol measurements can be briefly summarized:
• Because of the wide variety of physiological circumstances and disease states of interest, assays for estradiol must be capable of yielding results over a very large range of concentrations, eg, a factor 10 000.
• Historically, sensitive assays for estradiol have been immunologically based. The goodness of these assays is related to many factors, but most have some difficulty with specificity and insufficient sensitivity to satisfy all clinical and scientific requirements.
• Most recently, methods based on mass spectroscopy appear to be suitable for addressing some of the shortcomings of immunoassays.
• We emphasize that whatever method is used, we need a single standard for E2 to which all measurements can be traced, and that standard should be widely available.
The Measurement of Estradiol in Clinical Practice and Translational Research
Plasma E2 levels vary widely, depending on a host of normal and pathological conditions, each of which is important in its own context. Here, we review the complexity of that variety to establish the importance of this measurement across a wide swath of human biology.
Children
Sensitive and specific assays for E2 are needed to track the onset of pubertal development and better define the ranges of normal levels across childhood. Current direct E2 assays cannot accurately measure with reasonable precision E2 below 30 pg/mL; thus, most E2 levels are undetectable until Tanner stage 2-3 of puberty (36) . Because of this lack of sensitivity, the role of estrogens in prepubertal growth and their impact in boys compared to girls remains largely unexplored.
Ultrasensitive E2 assays, perhaps suitable for use in children, were developed in the 1990s but were time-consuming, required large amounts of serum, and at low levels were subject to the same lack of specificity as standard RIA (37, 38) . Klein et al (39, 40) developed and refined a cellbased bioassay with a sensitivity of 0.2 pg/mL to monitor low levels of estrogenic activity, but this method does not measure a distinct chemical entity, requires a pre-extraction, and is dependent on standardization of temperature, cell density, and incubation parameters, making applications in clinical practice impractical (41) . Recently, Shi et al (42) used isotope dilution/GC/MS of 24-hour urinary samples in a longitudinal assessment of specific estrogens 1 and 2 years before the onset of the growth spurt. Girls were assessed yearly from age 5 and boys from age 6. Of 376 subjects, data were available on 120. The sum of estrone, E2, and estriol was used as a marker of estrogen production. In contrast to their predictions, urinary estrogens and/or their metabolites did not predict initiation of the pubertal growth spurt, but rather predicted the duration of pubertal growth (42) . Higher levels of estrogens at earlier ages correlated with the onset of breast development in girls but had no apparent role in pubertal maturation in boys. Importantly, however, a substantial number of samples were below the limit of detection of these new urinary estrogen assays. To date, no study of serum levels of E2 or other estrogens across childhood, using methods with adequate sensitivity, is available. Thus, many issues related to the role of estrogens in pubertal development and growth remain unanswered. In addition to understanding normal puberty, the understanding of E2 levels in precocious and delayed puberty would be served by improved E2 assays. Similarly, the response to and efficacy of GnRH agonists for the treatment of precocious puberty and, conversely, therapies to induce pubertal development require precise and sensitive E2 measurement.
Rarely, gonadal tumors that secrete human chorionic gonadotropin, T, and/or E2 produce clinical signs of estrogen excess, but with plasma E2 levels that are often below the detection limit of the assay (43) . Boys who present with pubertal gynecomastia, which implies an imbalance of T and E2, cannot be distinguished by current hormonal assays (44) .
Thus, current E2 assays are inadequate to define the normal stages of puberty and assess the effects of estrogens on growth in the prepubertal child, and they are of limited
use in pathological disorders of the pubertal process. The ability to measure basal E2 levels in these disorders and changes in E2, consequent to therapeutic interventions, would aid clinicians and researchers alike.
Adult women
Normal menstrual cycle and amenorrhea Estradiol levels, in conjunction with measurements of FSH and LH, define the stage of the menstrual cycle; day 1 of the menstrual cycle is associated with an E2 of greater than 60 pg/mL (45, 46) as ascertained by RIA after extraction and chromatography. Persistently lower levels are associated with hypoestrogenic effects at target tissues such as loss of bone mass (47) . Unfortunately, current direct E2 assays, used to measure levels in normal cycling women in the follicular phase, are insensitive below 20 pg/mL, making the diagnosis and treatment of E2 deficiency quite difficult (47) .
In contrast, E2 levels in the early follicular phase (d 1-5 of the menstrual cycle), using a mass spectroscopy-based assay, were 68.1 Ϯ 18.6 pg/mL (48) . These data suggest that newer mass spectrometry-based assays demonstrate E2 levels across the menstrual cycle similar to those found using RIAs that used extraction and chromatography, and higher than the direct E2 values obtained from immunoassays based on commercial instruments used in clinical laboratories. The ability to define normal ranges in women across the menstrual cycle is critical for defining estrogen deficiency or excess in premenopausal women.
Reproductive technology
Sensitive and specific E2 measurements are needed for women undergoing induction of ovulation. In this case, assays sufficiently sensitive to measure low baseline E2 levels as well as high levels (ie, 250-2000 pg/mL) are needed to assess the efficacy of treatment, the timing of human chorionic gonadotropin administration to trigger ovulation, and cutoffs designed to abort cycles that risk hyperstimulation. A comparison of E2 levels, using different commercial immunoassay kits, in 41 women undergoing induction of ovulation showed that the most sensitive assay (55 pM; 15 pg/mL) also had a higher precision than other assays (49). However, for higher E2 levels, serial dilution was often required, limiting the goal of a fast processing time for samples containing the high E2 levels monitored after ovarian stimulation. Thus, robust E2 assays across several orders of concentration are needed for use in reproductive technology.
Pregnancy
Monitoring of E2 levels across pregnancy can be of use in pregnancy-related disorders. E2 levels together with progesterone and inhibin B levels predict the risk of hydatidiform mole in patients with molar pregnancies (50) . Levels of E2 correlated with disease activity in pregnant women with systemic lupus erythematous (51) . Current direct E2 assays do not provide this discrimination.
Menopausal hormone therapy
Measurement of an E2 level, together with FSH and/or anti-Müllerian hormone, would be useful to predict the timing of the last menstrual cycle. The Study of Women's Health Across the Nation (SWAN) collected serum annually for the measurement of E2 and FSH (52) . Mean E2 levels did not decrease until 2.03 years before the final menstrual period, using a sensitive immunoassay with a lower limit of detection of 1 pg/mL (53) . In contrast, most commercial E2 assays cannot accurately measure E2 levels in postmenopausal women (Ͻ20 pg/mL).
In menopausal women using hormonal therapy, adjustment of the dose of E2 to the lowest level that controls symptoms has been recommended. The ability to accurately measure E2 levels in women given oral or transdermal E2 would help to determine compliance, efficacy, and achievement of specific levels and would be of great assistance to clinicians. Such efforts are under way. Comparison of an extraction-based (indirect) (53) and a nonextraction-based (direct) immunoassay with a mass spectrometry-based assay in 40 postmenopausal women showed interesting similarities and differences. Three different indirect assays correlated better with GC/MS/MS than a direct assay. In a larger cohort (n ϭ 374), indirect and direct RIAs overestimated E2 levels by 14 and 68%, respectively, and were less reproducible than GC/MS/MS (53) . A GC/MS/MS-based assay compared E2 levels in premenopausal women in the early follicular phase (55.4 Ϯ 10.3 pg/mL) to postmenopausal women less than (4.9 Ϯ 1.3 pg/mL) and more than (1.3 Ϯ 0.3 pg/mL) 5 years after the last menstrual period. They demonstrated a continuing decline in serum E2 with age as well as the expected decrease with the menopausal transition (48) . With these newer approaches, investigators and clinicians can determine the optimal dose and threshold of response of various target tissues to estrogen therapy, eg, bone, lipids, cardiovascular risk markers, cognition, and mood.
Hormone-dependent malignancies and ablation/replacement models
Women with endometriosis or leiomyoma who receive GnRH agonists to induce medical castration, together with a low-dose estrogen add-back regimen, are disadvantaged by the absence of a more sensitive and specific E2 assay to aid in achieving a specific plasma E2 target. Similarly, women treated with aromatase inhibitors (to de-crease circulating estrogens) for breast cancer need such assays to better define the optimal level of suppression, both to control the disease state and to define a replacement strategy that would optimize the target organ effects of E2 deficiency. In women taking aromatase inhibitors, most RIA methods for E2 detect cross-reacting estrogen metabolites resulting in higher measured E2 levels than those measured by GC/MS-based assays; at this time, a GC/MS method should be used to monitor therapy in women with breast cancer (54) .
Adult men
Normal physiology and pathophysiology
The role of target tissue aromatization of T to E2 in men is poorly understood. Estradiol levels in men are lower than in premenopausal women (53) ; they are at or below the sensitivity of available direct E2 assays (55) . In addition, there is concern about the lack of specificity at the lower ranges of the assay, similar to issues in the measurement of levels in postmenopausal women. Comparison of the measurement of 12 steroids by GC/MS or LC/MS/MS and 6 steroids by RIA in fasting samples from 20 healthy men (aged 50 -65 y) revealed significant differences. RIA showed higher E2 levels, suggesting greater cross-reactivity compared to other methods (33 Ϯ 6 compared to 21 Ϯ 5 pg/mL). Although each assay showed good reproducibility, the authors caution about comparing absolute levels across assays or studies (55) . Thus, concordance in assays is required to define normal and abnormal E2 levels in males.
Bone
Data suggest that E2 levels are better predictors of bone mass in men than T, but only when ultrasensitive E2 assays, not commercially available, are used (56) . In another study, E2 levels measured by a mass spectroscopy-based method were compared to those assessed by a platformbased immunoassay in 313 men in relation to volumetric bone mineral density at various skeletal sites (57) . There was not a good correlation between the two types of assays (r ϭ 0.63), although both correlated equally well with volumetric bone mineral density. Thus, sensitive E2 measurements may be used in the future to help predict the risk of osteoporosis and fracture in men.
Muscle strength
Newer sex hormone assays have been used recently to dissect the role of T and E2 in men in relation to strength and performance. Sex hormone levels were measured in 1489 men Ͼ 64 years old in relation to muscle mass, handgrip strength, gait speed, step length, and chair-stand test as measures of physical performance (58) . E2 levels correlated with muscle mass, as seen in prior studies (59) , but were inversely correlated with muscle strength. More sensitive and specific E2 assays will expand our understanding of estrogen action at different target tissues in men.
Hypogonadism
Estradiol levels in 91 men with idiopathic hypogonadotropic hypogonadism (IHH) and Klinefelter's syndrome were compared to normal controls using a direct RIA with a stated detection limit of 2 pg/mL (7.3 pM). E2 levels in IHH ranged from 4 -68 pg/mL (median, 12 pg/mL) (60) . In 24 of the subjects, the direct RIA levels were compared with a GC/MS/MS-based method; the correlation was 0.969, suggesting that some direct assays may compare favorably with mass spectrometry-based ones. However, almost 50% of the samples from men with IHH were below the detectability of this assay (no data were provided on the performance of the GC/MS/MS assay comparison). Sensitive specific E2 assays would help to define the role of estrogens in men with different types of hypogonadism.
Hormone-dependent malignancies and response to hormonal manipulation
Androgens are obligate precursors of estrogens. Thus, in men with prostate cancer undergoing androgen deprivation therapy, E2 measurements may be useful predictors of the effects of this therapy on targets such as bone, heart, and metabolic status. Indeed, it appears that estrogens are involved in both prostate cancer and benign prostatic hyperplasia (61); careful measurement of E2 in men with and without androgen deprivation should aid our understanding of its role in disease and predicting risk of the complications of sex hormone deficiency after androgen deprivation.
In summary, the care of patients across the life span is hampered by the lack of availability of sensitive, precise, and specific E2 assays. Thus, clinicians are receiving potentially spurious data derived from direct E2 assays performed on platforms in hospital or clinical laboratories. Mass spectrometry-based methods are arguably stronger technically and show better performance characteristics than currently available direct immunoassays, although agreement among mass spectrometry-based methods is often less than perfect. In any event, our criteria for assay acceptability must not be based on the method used, whether it be immunoassay-based or mass spectrometrybased, but rather on agreed-upon standardization, so that clinically meaningful concentrations can be measured accurately and reproducibly across laboratories and platforms. Definition of the boundaries of normal physiology, definition of pathological states, and optimal targeting of doi: 10.1210/jc.2012-3780 jcem.endojournals.orgtherapeutic replacement strategies would be served better by improved E2 assays. We should not neglect to mention that at this time the feasibility/usefulness of an assay is also dependent on cost, sample size, and assay availability. These are real problems confronting many investigators, and they need to be addressed.
The Measurement of Estradiol in Epidemiological Research
The use of E2 assays in epidemiological research has a number of the same purposes as in the clinical/translational research described above. Clinical data are used to predict what might befall the individual patient; epidemiological data are the sum of what occurs on average in the many individuals that comprise a population. The primary goals of large epidemiological data sets are to: describe the distribution of E2 levels in varying populations, eg, children (62), women (63, 64) , and men (65); evaluate lifestyle, environmental, and genetic predictors of these levels; and assess how E2 levels influence both disease risk and patient survival. In addition, in the long term, such data can improve our understanding of the contribution of E2 levels to disease etiology and help to determine whether these levels can be used clinically to stratify patients as high or low risk for a given disease.
Breast cancer is an excellent example of the use of E2 measurements in epidemiological studies. E2 levels play a primary role in breast carcinogenesis (66) . A number of prospective epidemiological studies have shown that increased circulating E2 levels in postmenopausal women are significantly associated with subsequent breast cancer risk (67) (68) (69) . Relative risks (RRs) range from 1.5-3.0, comparing women with the highest vs the lowest E2 levels. Associations of E2 and breast cancer in premenopausal women remain uncertain and have been difficult to dissect because of both the variation in E2 across the menstrual cycle and limitations of the assays (70) . Other studies have been conducted to evaluate differences in hormones in women by ethnicity (64) to determine whether differences in endogenous hormone levels could be related to variations in breast cancer rates among women of various ethnicities. Furthermore, a number of investigators have assessed the correlation between plasma hormone levels and alcohol intake (71) or conducted randomized feeding studies of alcohol to examine changes in hormone levels (72) to help determine the underlying mechanism(s) that have linked alcohol intake to increased breast cancer risk in women (73) . Finally, recent studies have addressed the correlation between plasma E2 levels and multiple polymorphisms in hormone-metabolizing genes to better understand genetic contributions to circulating endogenous E2 levels (74) .
Similar to the work in breast cancer, a wide range of epidemiological studies have been conducted to assess the associations between circulating E2 levels and the risk of other chronic diseases including endometrial cancer (75, 76) , cardiovascular disease (77, 78) , cognitive dysfunction (79) , and fracture (80) .
In addition to examining circulating E2 levels, epidemiological studies have utilized several tissues (eg, breast aspirate fluid [81] or urine [71] ) where similar measurement issues exist.
Methodological concerns in E2 assays raise important basic issues in epidemiology. The use of highly sensitive, specific, and precise E2 assays in epidemiological studies is critical for several reasons. First, most studies evaluate differences across the continuum of normal levels rather than discerning normal from abnormal levels, as is frequently done clinically. For example, in a pooled analysis of 9 combined prospective studies on breast cancer, the median difference in E2 levels between cases and controls was only 6.3% (range, Ϫ9.2 to 33.6%), yet these differences translated into a 2-fold higher RR of breast cancer when comparing the top vs bottom 20% of E2 levels (RR ϭ 2.0; 95% confidence interval [CI], 1.5-2.7) (67). Hence, relatively modest differences in levels between the groups being compared are often of interest and can translate into important predictors of disease risk.
Imprecision in E2 assays can result in attenuated/absent measures of association, suggesting a weaker association or even no association with disease (or other outcome) than truly exists. For example, in a study where the precision of E2 was assessed in 4 different laboratories using varying assays, the coefficients of variation ranged from 8 -59% (82) . The calculated potential impact of this range of laboratory error on the RR was substantial, ie, true RR of 2.5 could be attenuated to 1.1 to 1.6 (the actual RR observed in the study). In addition, for both logistic and financial reasons, in most epidemiological studies only a single blood sample can be collected per study subject, although in studies of chronic disease, long-term average hormone levels are generally of greatest interest. When only 1 blood sample can be used to characterize these levels, it is critical that both assay precision and preanalytical variables be optimized. Several prior studies, described in greater detail previously in this section, have documented the variable precision of E2 assays.
We are unaware of examples using different E2 assays within the same epidemiological study when evaluating an association between E2 and disease risk. However, in a pooled analysis of 9 prospective studies of E2 and breast cancer risk (67) , stratified by assay type, the RR associated with a doubling of E2 levels from the 4 studies using various direct assays was somewhat lower than the RR from studies using assays with a prior extraction step. However, this difference was not statistically significant (direct assays, RR ϭ 1.23 [95% CI, 1.04 -1.44]; vs assays with a prior extraction step, RR ϭ 1.35 [95% CI, 1.15-1.58]). Interestingly, this same consortium recently reported (pooling data from 13 studies) on the correlation between postmenopausal E2 levels and body mass index (BMI), a variable known to be strongly correlated with E2 levels (83) . Significant heterogeneity in the association was noted among studies, and some of this was due to the assay used. E2 was 82% higher in obese vs lean women in studies that used assays with a prior purification step and only 30% higher in studies that used a direct, nonextraction assay. Similar results had been previously reported (53) , where correlations between BMI and E2 ranged from approximately 0.65 (for GC/MS/MS and an extractionbased RIA assay) to 0.25 (for a direct immunoassay).
The varying sensitivity and specificity of different laboratory assays also makes comparisons of results across epidemiological studies difficult/unreliable. For example, in studies of plasma E2 in postmenopausal women and breast cancer risk, median levels in control subjects ranged from 5.9 to 27.5 pg/mL (67), over a 4-fold range. Similarly, in studies of E2 and prostate cancer in men, median levels in control subjects ranged from 18 to 60 pg/mL, a 3-fold range (84) . It is highly unlikely that differences of this magnitude between research studies are due to varying attributes of the study population (eg, ethnicity, different average BMI, etc); hence, some, if not most, of these differences in E2 levels are likely due to assay differences. In this instance, assay methodologies varied substantially across studies (eg, both direct immunoassays and indirect immunoassays that included a prior extraction and separation step were used). Inadequate sensitivity also can limit the interpretation of epidemiological studies of E2 and disease risk. For example, in a prospective evaluation of endogenous E2 levels in postmenopausal women and vertebral fractures (85) , 33% of the levels were Ͻ 5 pg/mL, the assay limit of detection (RIA after extraction and HPLC separation); actual E2 concentrations on the 33% of the population with values below the sensitivity of the assay would likely have added additional insight into the strength of the association and shape of the dose-response curve. An additional longer-term goal of epidemiological research on hormones and disease is to determine whether hormone levels could be used to help identify persons at high risk of disease who might benefit from risk reduction strategies (similar to what is routinely done with cholesterol measurements). Again, an inability to compare associations or absolute levels between studies hampers this goal.
Thus, although we have learned much regarding the association between E2 and a range of health outcomes, the different assays used and variable assay quality have clearly limited the conclusions that could be drawn from epidemiological studies. Improved E2 assays that are more sensitive, accurate, and precise would allow proper comparisons across studies and would greatly enhance these efforts.
In summary, we cannot state too strongly the need for accurate, specific, reference-based standards in epidemiological studies. Such studies contribute greatly to decisions for counseling about and treating a panoply of illnesses in individual patients. Breast cancer, diseases of bone, cognitive dysfunction, and cardiovascular disease are among those that suffer from a limited ability to combine data from diverse studies because measurements and standards are not uniform. Furthermore, clinical guidelines become meaningless in the face of assays in individuals or populations that are different from those used in developing the guidelines.
Conclusion
The measurement of estradiol concentrations in plasma (as well as other biological fluids) has assumed an importance in human biology from cradle to grave. Its import on sexual development and secondary sexual characteristics is what led to its discovery and its grouping as a "sex hormone." It is now known to have important effects on skin, blood vessels, bone, muscle, coagulation, hepatic cells, adipose tissue, the kidney, the gastrointestinal tract, brain, lung, and pancreas. Alterations in its plasma concentration have been implicated in coronary artery disease, stroke, and breast cancer, all among the more prevalent causes of mortality in people. Effects of E2 in these tissues are likely at peripheral concentrations below the current detection limits of essentially all methods (2 to 20 pg/mL); indeed, levels below 0.2 pg/mL are likely to be meaningful considering the affinity constant of estradiol receptors (3 to 40 pM in breast cancer) (86, 87) .
Currently, clinical E2 measurements are an essential component of the diagnosis and management of infertility. Modern immunoassays and LC/MS/MS-based methods are well suited to these applications, as well as to the less frequent but critical identification of E2-secreting tumors (where relatively high concentrations are being measured), although imprecision and method-to-method differences remain problematic. However, the very low concentrations that appear to have import in nonreproductive tissues are a separate and more difficult issue. Such levels of E2 are too low to be routinely measured accurately or precisely, and further evolution of analytical methods and the way in which E2 is standardized is needed.
What is needed is more easily stated than accomplished, but we recommend:
• A universally recognized E2 standard to which all measurements can be traced.
• Reference ranges for E2 that are age-and gender-specific.
• Reference ranges for E2 that are biologically specific: • A wider recognition among physicians, laboratorians, and investigators of the fact that the low E2 values seen in men, children, and menopausal women, which are obtained from direct assays, eg, those done on whole serum without prior extraction, are not likely to be trustworthy.
• New methods capable of accurately and precisely measuring estradiol levels in the 0.2 to 2 pg/mL range in routine clinical specimens. Until such methods are available, a system needs to be in place that allows the continuous evaluation of existing methods and facilitates the improvement of these methods.
Barriers to recommendations
The following barriers are substantive but each can be overcome. This is now being done as an outgrowth of The Endocrine Society's position statement on T (1). The division into categories based on finances is somewhat artificial because all the "nonfinancial" barriers have a dollar cost.
Financial
• Establishing a universal accuracy-based standard will involve new spending.
• Changing assays to more expensive ones, eg, from immunoassay to mass spectroscopy will increase costs.
• Developing superior immunoassay-based methods will involve increased outlays for research to accomplish this end.
Political/educational/inertial/scientific
• Educating physicians to insist on accuracy-based measurements will involve a substantive educational effort. This will be costly and will have to overcome historical habits and attitudes.
• Convincing journals to insist on accuracy-based measurements for all publications. This represents yet another chore for journals and will require each to set a deadline date beyond which inappropriate methods will no longer be acceptable.
• Convincing government and third-party payers that a more expensive assay is more cost effective than a less expensive one that provides incorrect information.
• Establishing all the reference ranges that we suggest will be both time-consuming and expensive.
